Properties, chemical compositions and hydrotreatment reactivities of Mongolian crude oils and their distillation fractions were investigated and compared with those of Chinese and Middle East crudes. Mongolian crude oils were highly paraffinic with high pour point ( 17 ) and low contents of sulfur (0.09-0.24 %), vanadium ( 1 ppm) and carbon residue ( 4.6 %), but contained large amounts of atmospheric residue (68-83 %). These features are very similar to Chinese Daqing crude. The middle and heavy distillates included large amounts of saturates ( 85 %) and n-paraffins (35-50 %). The nitrogen contents were comparable with the other crude oils or distillation fractions examined. The distillates and atmospheric residues were hydrotreated, and the reactivities of hydrodesulfurization (HDS) and hydrodenitrogenation (HDN) were compared. The HDS rates of low-sulfur feedstocks were much larger than those of high-sulfur feedstocks derived from the Middle East, whereas the HDN rates of the same boiling range fractions were similar. The relative HDS rates of the Mongolian feeds to the corresponding mixed Middle East feed were 6-14 for the middle distillates, 7-12 for the heavy distillates, and 5-6 for the atmospheric residues, and the relative HDN rates were 1-2 , 1-2.3 and 0.6-1, respectively. Polyaromatics were readily hydrogenated to monoaromatics but not to saturates due to the difficulty in further saturation.
Introduction
Worldwide demand for petroleum oil will continue to grow due to increasing population and economic growth in developing countries, whereas the reserves of sweet oil will decline. Accordingly, oil price is expected to stay at high levels of around US$ 80-120 for a while and inevitably will increase gradually in the future. Substantial oil reserves are expected to be found in Mongolia based on positive geological and geophysical data, and recent discoveries of oil. According to US experts, the effective reserves of oil in Mongolia are estimated at 370-440 million barrels with 95 % probability 1) . Recently, the Mongolian government announced that the certified resources of Mongolian petroleum totaled 1.5 billion barrels, representing 0.12 % of the total known oil reserves worldwide 2) . The most promising areas are the Tamsagbulag and Zuunbayan formations where some foreign companies have explored and produced tens of thouthands of barrels of oil per year 3), 4) . Since there is no oil refinery in Mongolia, petroleum products have been imported mainly from Russia. Recent consumption of petroleum products in Mongolia has reached around 5.8 million barrels per year 5) and will increase rapidly due to the increasing population, economic growth, and further motorization, which is estimated to stimulate the construction of an oil refinery in Mongolia. Therefore, evaluation of the properties, compositions, and reactivities of Mongolian crude oils will be important for the design of a high-performance oil refinery. Geological and chemical studies of Mongolian crude oils has intensified in the last 2 decades, and have shown that these paraffinic oils 6) 8) contain low amounts of sulfur 9) and heavy metals 10) , and large amounts of atmospheric residue. However, hydrotreatment tests of Mongolian oils have not been performed so the HDS and HDN reactivities remain unclear.
The present study investigated the properties, chemical compositions, and hydrotreatment reactivities of Mongolian crude oils and their distillation fractions by comparison with Daqing and Middle East crude oils.
Experimental

1. Materials
Three Mongolian crude oils, Tamsagbulag area No. 19 (TB), Tsagaan Elst (TE) and Zuunbayan (ZB), were supplied by private companies engaged in mining operations. The samples were separated using a simple distillation unit (Glass Tube Oven GTR-350, Sibata Scientific Technology Ltd.) into five fractions, light (LD; 220 ), middle (MD; 220-350 ) and heavy (HD; 350-500 ) distillates, and atmospheric (AR; 350 ) a n d va c u u m ( V R ; 500 ) r e s i d u e s . Heavy naphtha, kerosene, and gas oil of mixed Middle East crudes were supplied from Japanese refineries, and combined and distilled in the same manner as the Mongolian crude oils to obtain MD and HD. ARs of Chinese Daqing (DQ), mixed Middle East (ME) and Kuwait (KW) crudes were also supplied from Japanese refineries, and DQAR was distilled in vacuo to obtain HD. ARs of DQ, ME and KW were used as received for the hydrotreatment tests. The catalysts were two types of commercial NiMo/Al2O3 catalysts for HDS of distillates and AR.
Hydrotreatment Tests
A batch-type autoclave with an inner volume of 50 mL was used for the hydrotreatment tests. The catalysts were presulfided for 3 h at 400 under a gas flow of H2S (10 vol%)/H2 mixture. The feed oils were LD, MD, HD and AR. The autoclave was charged with 4 g of the feed and 0.2 g of the presulfided catalyst, and pressurized under hydrogen at 3 MPa for LD and MD, 5 MPa for HD, and 6 MPa for AR at room temperature. The autoclave was inserted into a preheated vertically shaking electric furnace. The reaction temperature was 250  for LD, 300  for MD,  350 for HD and 380 for AR. After the set reaction time, the autoclave was cooled to room temperature. Gaseous product was collected into a gas pack and analyzed by GC-TCD. The yields of C1-C3 gases were 0.1-0.3 wt% for ARs (380 ), and no or only trace amounts of gases were detected in the other experiments. Fresh hydrogen was introduced to the autoclave and purged out. This procedure was important, especially for the Middle East hydrotreated oils, because H2S dissolved in the product was easily converted to elemental sulfur by oxidation with air. The hydrotreated oils of LD, MD and HD were separated from the catalyst particles by filtration. Toluene was used as a solvent to recover the hydrotreated oils of AR.
The HDS and HDN data were analyzed based on the following kinetic equation:
where k rate constant; n apparent reaction order; t reaction time (h); C sulfur or nitrogen content (wppm); and subscripts f and p indicate feed and product, respectively. The reaction order of each sulfur or nitrogen component in petroleum oil is considered to be 1, but the apparent reaction order of total sulfur or nitrogen changes depending on the type of feed, the type of reaction, and the depth of reaction progress, because the feed contains a number of components with different reactivities. In this study, the HDS and HDN of all the feed oils were assumed to have the same reaction order of 1.5.
3. SARA Analysis of Atmospheric Residues
About 2 g of AR was dissolved in 80 mL of heptane by using an ultrasonic bath for 30 min, and the precipitate (C7 asphaltene) was filtered in vacuo. After evaporating the heptane, the remainder was dissolved in 80 mL of pentane and C5 asphaltene was recovered by filtration. After removing the pentane, 40 mg of pentane-soluble materials were dissolved in 1 mL of hexane and added to 4 g of alumina calcined at 400 for 3 h. Hexane, dichloromethane and dichloromethane _ methanol (1 : 1) were eluted (8 mL each) successively using a solid phase extraction system (Gilson, Aspex XL) and saturates, aromatics and resins were recovered after evaporating the solvent.
4. Analysis
The sulfur and nitrogen contents were measured with an APS-35 analyzer. The hydrocarbon types were determined by high performance liquid chromatography (HPLC) 11) . The distillate fractions were analyzed with a capillary GC-FID (hydrogen-flame ionization detector) and GC-SCD (sulfur chemiluminescent detector).
Results and Discussion
1. Properties of Mongolian Crude Oils
The chemical and physical properties of Mongolian crude oils are summarized in Table 1 , together with those of DQ and KW crude oils obtained from published sources 12) because of the lack of crude oil samples. The hydrogen contents of Mongolian crude oils were over 13.0 % and the H/C values ranged from 1.80 to 1.89. The pour points were 17-21 , indicating high viscosity at room temperature, whereas the kinematic viscosities became normal (2.5-7.9 mm 2 /s) at slightly elevated temperature (50 ). The sulfur and nitrogen contents were 0.09-0.24 % and 0.11-0.24 %, respectively. The vanadium contents were very low ( 1 ppm). These features are similar to those of DQ, which is obtained from an area located close to East Mongolia. The higher pour point and kinematic viscosity of DQ might indicate that the content of C20 nalkanes is higher than those of Mongolian crude oils. The properties of KW are quite different from the other four crude oils due to the low pour point and the high contents of sulfur and vanadium. The distillation distribution of Mongolian crude oils was determined by simple distillation in this study. The contents of LD and MD (b.p 350 ) were less than 32 % and the contents of ARs ranged from 68 to 83 %. The distillation date for DQ and KW were obtained from published sources but exact comparison was impossible because of the different distillation equipment and unknown cut points.
2. Light Distillates
The yields of LDs were 11 % for TB, 7 % for TE and 3 % for ZB as shown in Table 1 . The sulfur and nitrogen contents were 130 and 1.7 ppm for TB, 10 and 7 ppm for TE, 20 and 20 ppm for ZB, respectively. The HDS and HDN were very fast, and all the residual sulfur and nitrogen contents were below 1 ppm after hydrotreatment at 250 for 1 h.
Middle Distillates
The results of elemental and hydrocarbon-type analyses of four MDs are shown in Table 2 . The sulfur contents of Mongolian MDs were 130-680 ppm, which were much lower than that of MEMD (3700 ppm). The difference in nitrogen contents between Mongolian MDs (3.4-17 ppm) and MEMD (32 ppm) was relatively small. Mongolian MDs were rich in saturates (88-94 %), and aromatic contents (6.4-11.9 %) were much lower than that of MEMD (23.0 %).
Four MDs were analyzed by capillary GC-FID, and the distillation composition and content of n-paraffins were determined. As shown in Table 2 , all MDs were rich in the kerosene fraction (58-62 %). The n-alkane contents of Mongolian MDs ranged from 35 to 45 %, whereas that of MEMD is 20 %. A large amount of longer chain n-alkanes leads to high cetane number and low fluidity at low temperatures. If Mongolian MDs are used as a diesel fuel, the end cut point should be lowered to decrease the pour point, otherwise dewaxing or isomerization treatment might be necessary.
Middle distillate is used as transportation and house heating fuels, and legislation controlling the sulfur content is becoming more stringent worldwide. Therefore, hydrotreatment tests of MDs were performed at 300 using a batch-type autoclave to investigate both HDS and HDN reactivities. The sulfur and nitrogen contents and the rate constants of HDS and HDN are shown in Table 3 . The sulfur contents of raw Mongolian MDs (130-680 ppm) decreased rapidly to around 10 ppm after hydrotreatment, whereas the sulfur content of MEMD was reduced from 3700 to 1350 ppm after 1 h and to 690 ppm after 2 h. As a result, the HDS rates of Mongolian MDs were found to be 6-14 times faster than that of MEMD.
The HDN rate of TEMD was not determined because the nitrogen contents of the product oils were very low. The other Mongolian MDs and MEMD had similar HDN rates (0.47-0.60 h -1 ). Polyaromatics were readily hydrogenated to monoaromatics, more easily for Mongolian MDs, but the total aromatic contents did not change after the hydrotreatment because further saturation was difficult under the set reaction conditions. This study found that Mongolian straight-run MDs could be upgraded under much milder conditions compared to MEMD. Figure 1 shows the GC-SCD chromatograms of feed MDs (left) and the product oils (right) after hydro- . The HDS reactivity of the former three classes is higher by more than one order of magnitude than those of BTs and DBTs 16), 17) . As shown in the figure, MEMD are abundant in alkylBTs, DBT and alkyl-DBTs, whereas Mongolian MDs include not only BTs and DBTs but also a large number of unknown peaks which would represent sulfides, thiols and thiophenes.
The HDS reactivity depends on the amounts and structures of the sulfur compounds and on the amounts of inhibiting species such as nitrogen and polyaromatic compounds in the feedstock 18) 20) . Hydrotreatment of Mongolian MDs at 300 resulted in rapid disappearance of the peaks of unknowns and BTs but DBT and alkyl-DBTs remained in the products, whereas BTs remained in the product after hydrotreatment of MEMD. The lower HDS reactivity of MEMD is attributed to the larger amounts of less reactive BTs and DBTs and to the larger contents of nitrogen and polyaromatics. In contrast, the high HDS reactivity of TEMD can be explained by the lower amounts of sulfur, nitrogen and polyaromatic compounds.
4. Heavy Distillates
The elemental composition and hydrocarbon types of five HDs are shown in Table 4 . The sulfur contents were 500-1520 ppm for Mongolian HDs, 610 ppm for DQHD and 23,300 ppm for MEHD. The nitrogen contents of the five HDs ranged from 230 to 560 ppm with no remarkable difference between paraffinic HDs and MEHD. Mongolian and Chinese HDs had higher hydrogen content and were very rich in saturates (85-91 %), whereas MEHD contained large amounts of monoaromatics (14.3 %) and polyaromatics (17.3 %). The contents of n-paraffins determined by GC-FID were 39-50 % for Mongolian HDs, 39 % for DQHD and 11 % for MEHD. DQHD contained less of the fraction of 254-344 due to the different lower cut point of the distillation.
Hydrotreatment tests of HDs were performed at 350 for 2-4 h using a batch-type autoclave, and the sulfur and nitrogen contents, and the HDS and HDN rate constants are shown in Table 5 . The sulfur contents of paraffinic HDs were much lower than that of MEHD, and the HDS rates of paraffinic HDs were 7-12 times larger than that of MEHD. The HDN rates of TEHD and DQHD were about 2 times larger than the other HDs due to the lower contents of nitrogen and polyaromatics in the feedstocks. Polyaromatics were hydrogenated to monoaromatics but the total aromatic contents did not change as found in the hydrotreatment of MDs. Heavy distillate is often used as a feedstock of FCC plants for the production of gasoline and light olefins. High sulfur HD such as MEHD should be hydrodesulfurized before FCC for environmental protection. However, since Mongolian HDs contain only a small amount of sulfur, a HDS unit might not be required before FCC. Even if a HDS process is required, the operation conditions will be much milder than for MEHD. Figure 2 shows the GC-SCD chromatograms of the feed HDs (left) and the product oils (right) hydrotreated at 350 for 4 h. DBT and alkylated homolog were major components and a large hump ranging from RT 30 to 50 min was existent in the chromatograms of all feed HDs. This hump represented sulfides, BTs and DBTs with many alkyl substituents. DQHD included a significant amount of benzonaphthothiophenes (BNTs), which were also present in Mongolian HDs, but the presence in MEHD was obscure because of the many overlapping peaks. In the GC-SCD chromatograms of the hydrotreated oils, several refractory alkyl-DBTs became more prominent reflected by a decreasing hump. Assignment of individual peaks of alkyl-DBTs was reported previously 21) .
5. Atomospheric Residues
The properties and chemical composition of ARs are shown in Table 6 . The sulfur contents are 0.11-0.21 % for Mongolian ARs, 0.12 % for DQAR and 2.47-4.36 % for Middle East ARs. The nitrogen contents of the six ARs were 0.13-0.26 % and the difference between paraffinic ARs and Middle East ARs was not significant. The contents of saturates were 53-62 wt% for paraffinic AR, 44 % for MEAR and 26 % for KWAR. The aromatic contents were 27-33 % for paraffinic ARs, 45 % for MEAR and 58 % for KWAR. The nickel contents of paraffinic ARs ranged from 5 to 32 ppm, whereas the vanadium contents were 1 ppm or less. MEAR contained only a small amount of Ni and V, which seemed to originate from light crude oils from the Middle East. KWAR contained much larger amounts of asphaltene, resin, metal and CCR. The ratio of V to Ni is 3-4 for Middle East ARs and 0.1 for paraffinic ARs from China and Indonesia 22) . Hydrotreatment tests of six ARs were performed at 380 for 2 and 4 h, and the sulfur and nitrogen contents, and the HDS and HDN rate constants are shown in 0.12-0.15 h -1 , and were 5-6 times larger than that of MEAR. The HDS rate of KWAR was slower than that of MEAR probably due to the higher contents of sulfur, nitrogen and asphaltene. The HDN rates of the six ARs were 0.017-0.028 h -1 and were similar for all ARs examined in this study. The HDN rates of TEAR and ZBAR could be expected to be slightly lower than that of KWAR which contains much larger amount of aromatics, resin and asphaltene, possibly resulting from the differences in the structures of nitrogen compounds in the feedstocks.
Mongolian ARs and DQAR can be directly used as a fuel oil for industrial boilers and power plants because the sulfur contents are low enough to not require downstream purification of waste gases. However, the demand for fuel oil is not so high because coal is used for power generation in Mongolia. Therefore, it is important to develop cracking technologies for paraffinic ARs to allow the production of transportation and house-warming fuels.
Conclusion
Mongolian crude oils were highly paraffinic with high pour point ( 17 ) and low contents of sulfur (0.09-0.24 %), vanadium ( 1 ppm) and carbon residue ( 4.6 %), but contained large amounts of atmospheric residue (68-83 %). These features were very similar to Chinese Daqing crude. The middle and heavy distillates included large amounts of saturates ( 85 %) and n-paraffins (35-50 %). The nitrogen contents were comparable with all the crude oils or distillation fractions examined.
The middle and heavy distillates, and atomospheric residues were hydrotreated, and the HDS and HDN reactivities were compared. The HDS rates of lowsulfur feedstocks were much larger than those of highsulfur feedstocks derived from the Middle East, whereas the HDN rates of the same boiling range fractions were similar. The relative HDS and HDN rates of the Mongolian feeds to the corresponding mixed Middle East feed were 6-14 and 1-2 for MDs, 7-12 and 1-2 for HDs and 5-6 and 0.6-1 for ARs, respectively. Polyaromatics were readily hydrogenated to monoaromatics but not to saturates due to the difficulty in further saturation. 
